The genus Clavispora was proposed by Rodrigues de Miranda (6) to accommodate the teleomorphic state of Candida lusitaniae and its synonym Candida obtusa. Clavispora spp. are characterized by the formation of clavate ascospores with indistinct warts. Clavispora lusitaniae comprises interfertile heterothallic strains isolated from various sources, including humans and other warm-blooded animals, and materials of plant origin (7) . Clavispora opuntiae is also represented in nature by interfertile heterothallic strains, but its habitat is restricted almost entirely to necrotic tissue of various species of the prickly pear cactus, Opuntia (4, 9). Mating does not take place between the two species, and thus Clavispora is a good example of a yeast genus in which biological species (3) are clearly defined. It is therefore a useful model with which the significance of different taxonomic approaches may be evaluated.
This paper presents a comparison of the two known species of Clavispora based on the variation among physiological phenotypes normally investigated in the course of yeast identification, the relatedness of their unique deoxyribonucleic acids (DNAs), and the patterns observed among the restriction maps of their ribosomal DNAs (rDNAs). The last method has been used previously to assess intraspecific variation within C. opuntiae (2) . In that study, 10 strains of C. opuntiae (not all the same as those used here) were found Ib share conserved regions in their rDNAs, but they also exhibited certain differences in their variable regions. We now show that this last approach is a valuable method for the study of yeast species delineation and that its results are * Corresponding author. consistent with those of other means of establishing yeast species boundaries.
MATERIALS AND METHODS
Microorganisms. The origins of the strains used in this study are shown in Table 1 . Strains WN9-8 and WN9-20 were obtained in the course of an industrial screening program conducted by Weston Research, Toronto, Ontario, Canada. The holotype (type culture) of C. lusitaniae and its isotype were obtained from the Centraalbureau voor Schimmelcultures, Delft, The Netherlands. All other Clavispora strains were isolated in the course of various ecological studies conducted by some of us and including cruises CF 8205 and CF 8314 of the research vessel Cape Florida.
Phenotypic characterization. Physiological responses were determined by replica plating by the procedures recommended by van der Walt and Yarrow (13) . Resistance or susceptibility to triterpene glycoside inhibitors found in agria cactus (Stenocereus gummosus) was determined by observing growth on YM agar (Difco) supplemented with 2% ground dried agria tissue after 4 days at 25°C. Mating types were determined by mixing actively growing cultures pairwise on 2% agar containing 1% ground Opuntia tissue and verifying the presence or absence of zygotes or asci by microscopy.
Determination of nucleotide composition and reassociation of unique genome DNA. Nonrepetitive genome DNA was extracted, purified, and radioiodinated as described by Phaff and co-workers (4). The guanine-plus-cytosine content of each )genome DNA was calculated from buoyant density values in cesium chloride. Reassociation experiments were conducted in triplicate by the methods of Price et al. Mapping of rDNA. The preparation, restriction, electrophoresis, and mapping of rDNA were performed as described by Lachance et al. (2) , except that ethanol precipitation between each endonuclease digestion was eliminated. The endonuclease BamHI was used in addition to ApaI, EcoRI, KpnI, and XhoI, which were used previously.
Multivariate analysis. Physiological responses were coded for each strain as 0.0 (no growth), 0.33 (weak), 0.67 (slow or latent), or 1.0 (strong and rapid). Restriction sites were coded for each strain as 0.0 (absent), 0.5 (variable), or 1.0 (fixed). Clustering was performed on cosine matrices of unstandardized data by the equally-weighted-pair agglomeration method. An analysis of the principal components was performed on centered, unranged data (covariance matrix). FORTRAN programs LOSIDE and PCA (devised by M.-A. Lachance), used for these purposes, followed common algorithms. See Sneath and Sokal(8) for a general discussion of the methods of multivariate analysis and their applications in taxonomy.
RESULTS

Physiological responses.
The mean responses of 9 strains of C. lusitaniae and 10 strains of C. opuntiae to 68 physiological tests are shown in Table 2 . Inspection of these data reveals that utilization of L-rhamnose as the sole carbon source and growth in the presence of 10 mg of cycloheximide per liter unequivocally distinguished C. lusitaniae from C . opuntiae. In addition, C . opuntiae generally exhibited a weak or negative utilization of L-lysine as the sole nitrogen source, whereas C. lusitaniae grew efficiently on this compound.
Cluster analysis of physiological responses. The group structure elicited by cluster analysis of the physiological responses of Clavispora strains is shown in Fig. 1 . Strains of C. opuntiae formed a dense cluster in which strains 81-333-2 and 83-718-1 acted somewhat as outliers. Examination of the raw data (not shown) indicated that strain 83-718-1 differed from the others by its failure to hydrolyze Tween 80 and by its susceptibility to agria inhibitors. Other differences were mostly in the rate of utilization of certain compounds. For example, the assimilation of L-sorbose was very rapid in strain 83-718-1, very weak in strain 81-333-2, and strong but slow in the rest. Unlike most other strains, strain 81-333-2 failed to grow in the presence of 10% sodium chloride. Strains of C. lusitaniae exhibited somewhat more nutritional variability. Strains CBS 6936=, WN9-8, and WN9-20 formed a separate cluster, probably owing to their ability to grow in the presence of 50% glucose, a trait not shared by other strains. Strain CBS 4413' appeared to be the most unusual in its clustering position. It had important differences such as its ability to utilize D-glucosamine efficiently and its failure to utilize D-xylose, which sets it apart from all other strains, including strains of C. opuntiae. It also had several minor phenotypic differences from other strains.
Ordination by principal-component analysis of physiological responses. Clustering methods are known to impose group structure, sometimes even on data which are not intrinsically structured. For this reason, it was of interest to analyze the physiological responses by means of a trend-seeking method which tends to detect group structure where it actually exists. The ordination of Clavispora strains on the first two principal components of their physiological responses is shown in Fig. 2 . The first component (47% of variation) clearly separated members of the two species, with some minor intraspecific variation detected in this component (Fig. 2) . The correlations between the physiological responses and the first two components (Fig. 3) revealed that citric acid, and lactic acid and the hydrolysis of Tween 80, which were stronger in C. opuntiae.
The second component (12% of variation) was representative of traits which varied mostly within C. Zusitaniae (Fig.  2) . It resolved strains 79-257-1 and 80-29 at one end of its spectrum and strain CBS 4413' at the other end. Growth in the presence of 15% NaCl and growth on glucono-A-lactone and gluconic acid were negatively correlated with the second component (Fig. 3) , although this combination of traits was not a property of any particular strain. Among the responses showing a positive correlation with the second component, the utilization of L-arabinose was encountered sporadically in some strains of C. Zusitaniue. Growth on D-glucosamine, as mentioned above, was strong in strain CBS 4413', and can be considered unique to that strain, although occasional weak responses occurred in strains throughout the genus. The significance of growth on 50% glucose with respect to the two industrial isolates has been mentioned before. Growth on malic acid was variable throughout the genus, and its position near the positive end of the second component was largely due to its weaker utilization by strain 79-257-1. Invariant traits (mean value of 0 or 1 for both species [ Table 21 ) were automatically excluded from this analysis.
Characteristics of nonrepetitive DNA. The nucleotide composition of unique DNAs from selected yeast strains and their percent relative reassociation with the DNA of strain CBS 6936= are shown in Table 3 . A difference of 1.4 to 2.4% was detected in the nucleotide composition of strains from the two CZuvispora species, and their interspecific relatedness as estimated by DNA reassociation was only near 8%.
Restriction maps of rDNAs. Restriction maps of tandemly repeated rDNA clusters are shown in Fig. 4 . Note that the order of the restriction sites is reversed from that used previously for certain strains of C. opuntiae (2). The repeating units are now shown as standard transcriptional units, based on the approximate positions of the rRNA cistrons (M.-A. Lachance, unpublished data). Strains of C. Zusitaniae differed from strains of C. opuntiae in the length of their repeating units, estimated at 9.0 and 7.6 kilobases, respectively (Fig. 4) . Length polymorphisms were not detected in 
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CBS 4413 /X-XAWxA-E-E-/ 80-29 C . opuntiae, except possibly in strain 83-1074-1, which may exhibit length heterogeneity (2) . C . lusitaniae may be variable from strain to strain in the length of its rDNA units. However, the absence of a restriction endonuclease able to produce only one cut in the repeating unit for every strain precludes confirmation of this at this time. Five restriction sites were conserved through all the strains studied in both species, except for strain WN9-20, which was heterogeneous in its first ApaI site. The constant presence in C. lusitaniae of two XhoI sites not found in C. opuntiae and the constancy of a BamHI site found exclusively in C . opuntiae are noteworthy. Cluster analysis of restriction maps. To facilitate the comparison of restriction maps with physiological data, cluster analysis and principal-component analysis (see below) were performed on the restriction site data. The group structure identified by clustering (Fig. 5 ) was consistent with the partition of strains into their respective species. In contrast to the cluster structure elicited with physiological data (Fig.  l) , intraspecific variation was minimal as compared with interspecific variation; in other words, the clusters representing the species were much tighter. The strains identified as outliers on the basis of their physiological differences generally did not stand out as special on the basis of their restriction maps.
Principal-component analysis of restriction maps. The two components derived from restriction site data concentrated more information (69 and 8% [Fig. 61 ) than did the two components summarizing physiological data (47 and 12% [ Fig. 2]) , perhaps a sign that more discontinuity exists in the map data, but most certainly due in large part to the smaller number of variables in the map datum set. Again, the first component (Fig. 6) sharply separated representatives of the two species, and the second component depicted intraspecific variations. Strains 83-718-1 and 84-505-1 constituted the extremes of a gradient identified in C. opuntiae. This gradient revolves around ApaI and EcoRI sites found in the variable region of the repeating unit. The extremes of the gradient are tied to the presence of a unique ApaI site in strain 83-718-1 and of a unique XhoI site in strain 84-505-1. There was less intraspecific variation in C. lusitaniae, and it was resolved by the third component (data not shown), which accounted for only 6% of the total rDNA restriction map variation. normally would not be given enough taxonomic significance to define species boundaries. Taken as a whole, these and other nutritional traits exhibited strong correlations, a sign that their variation is the result of divergent evolution. The relatively small difference in nucleotide composition between the DNAs of the two Clavispora species, reported initially by Phaf€ et al. (4) , would have left some doubt about their divergent status. The finding that C. opuntiae and C . Zusitaniae exhibited only 8% relative DNA similarity is indeed surprising, but it certainly confirms their species delineation. The low value may be the result of the exclusively divergent evolution expected to follow a sharp disruption in interfertility such as that which is presumed to have occurred in the genus Clavispora.
DISCUSSION
Species discontinuity in the genus
Phylogenetic interpretation of restriction maps. A hypothetical phylogenetic history of the restriction maps is shown in Fig. 7 . It is based on principles enunciated previously (2), the fundamental assumption being that the recurring presence of a particular restriction site in the majority of strains, especially in different species, represents an ancestral state and consequently that the absence of such a site represents a derived state. Accordingly, the map found for strains 77-279= and 78-540A' may be viewed as ancestral for C . opuntiae within the present context (the fact that these strains are the holotype and an isotype of the species is purely fortuitous). Many other strains isolated from localities as diverse as the Caribbean Sea, the continental United States, Africa, and Australia are known to share maps identical to these two maps (2; Lachance, unpublished data).
In C. lusitaniae, the map of strain WN9-8 may be regarded as ancestral because it has the greatest number of fixed, common restriction sites. Intensified sampling might reveal that other restriction sites are more broadly distributed in other strains of C. lusitaniae and thus confer upon other restriction maps a more ancestral status. Likewise, several alternate filiations among the maps regarded as derived are equally possible, so the diagram in Fig. 7 should only be viewed as a working hypothesis.
The assumptions set above do not necessarily match everyone's view on the phylogenetic interpretation of restriction maps, although Templeton (12) has shown that the convergent appearance of a restriction site in two individuals is much less likely than the convergent disappearance of such a site. In the present context, these assumptions do not permit speculation as to which of the two Clavispora species possesses maps that may be considered ancestral, because the sites shared by the two species are invariant. If the "outgroup" principle (10) is followed, however, C. lusitaniae should be viewed as ancestral, because its rDNAs are more typical of other yeasts. Published (14) and unpublished (Lachance) data show that the rDNAs of strains of several other yeast species do not exhibit unequivocal homology with those found in Clavispora strains. In terms of length, however, other yeasts are more similar to C. lusitaniae than to C. opuntiae. Besides, the ecological specialization of C. opuntiae (4, 9) compared with the more diverse sources of C. lusitaniae (7) also indicate that C . opuntiae is a more derived taxon. The suggestion that a map like that of C. lusitaniae 83-1080-1 could have given rise to the map regarded as ancestral in C. opuntiae is highly speculative but nonetheless interesting. It implies that the speciation event was associated with the inversion of a small ApaI-EcoRI fragment in the variable regions of the maps. Other putative ancestral maps are equally possible, for example, that of strain 79-257-1, with its fixed BamHI site which could be homologous to that found in all strains of C. opuntiae examined so far. The interest of such hypotheses is that they can be tested by the purification and fine mapping or sequencing of small fragments.
Tajima and Nei (11) have proposed a relationship between the time of divergence of two species and the number of restriction site differences between their DNAs. The time in million years may be calculated from the formula t = 5/2X, where ' 6 = -log,S/r. Parameter A is the number of fixed point mutations per base per million years, S is the proportion of restriction sites shared by the individuals being compared, and r is the number of base pairs per recognition sequence, in this case, 6. The mutation rate of yeasts is not known because they lack identifiable fossils. Hunt et al. (1) have determined a rate of 4 x for Drosophila spp., a value in the same order of magnitude as values published for sea urchins and primates (5 x and 1 x respectively). This would trapslate into maximum intraspecific divergence times of 6 million years for our strains of C. lusitaniae and 11 million years for our strains of C. opuntiae. The calculated time of speciation is about 15 million years, assuming the pathway depicted in Fig. 7 . There is no way of evaluating the accuracy of these estimations, because a calibration of evolutionary rates in yeasts is lacking. The unicellular nature of yeasts and, in the present case, their haploid state, may cause them to possess much higher fixed mutation rates, and the divergence times calculated here could be overestimated.
Geographic and ecological aspects. The strains used in this study represent a relatively broad spectrum of habitats and localities of isolation. The holotype of C. lusitaniae was isolated from fruit materials in Israel, and the isotype came from animal sources in Portugal. Other strains representing that species came from industrial effluents in eastern Canada and from different plant or animal hosts in semiarid areas of Mexico, the southern United States, and the Caribbean Sea. This diversity of origins was reflected more in the variation among physiological responses than in the divergence at the molecular-genetic level (compare Fig. 2 and Fig. 6 ). The converse was true in C. opuntiae. The strains of C. opuntiae were all from cacti, although they were isolated from many different land masses in the mostly semiarid regions of the Americas, Hawaii, and Australia. Diversity was moderate at the molecular level and practically nonexistent at the level of expressed physiological phenotypes (see Fig. 2 and Fig. 6 ). As pointed out earlier, the most unusual strain of C. opuntiae was 83-718-1. Its differences at the physiological and rDNA levels might be linked to its unusual isolation from a columnar cactus. Strain 79-241-3 is also special in that it is not an Opuntia isolate. Its rDNA is rather unique, but it blends well with other strains at the nutritional level.
Taxonomic aspects. A previous study of rDNA restriction mapping in C. opuntiae (2) left open the question of the applicability of this approach to species delineation. The data reported here are very encoufaging in this connection. Although the two known species of Clavispora differ consistently by only 2 or perhaps 3 of 68 physiological responses, repeated DNA mapping agreed with unique DNA reassociation and provided an additional independent indication of the boundary between the two species.
